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NAYIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-1927 

A COMPARISON OF THE THEORETICAL AND 

EICPERLMENTAL STAGNATION-POINT HEAT TRANSFER 

I N  AN ARC-HEATED SUBSONIC STREAM 

By Ronald D. Brown 

SUMMARY 

Stagnation-point heat- t ransfer  measurements on f l a t - f a c e  cylinders of th ree  
d i f f e ren t  diameters i n  a 6-inch subsonic a r c  tunnel  do not follow the  laminar 
heat- t ransfer  theory of Fay and Riddell  f o r  t he  Reynolds number range covered i n  
t h i s  report .  It w a s  concluded that t h e  difference between theory and experiment 
w a s  not a r e su l t  of changes i n  veloci ty  gradient associated with compressibil i ty 
or  channel-blocking e f f ec t s .  The deviation from laminar-flow theory i s  a t t r i b -  
uted t o  the  free-stream turbulence i n  the  t e s t  medium t h a t  i s  caused by the  a-c 
e l e c t r i c  a rcs  i n  a rc  chamber of subsonic a r c  tunnel.  

INTROUCTCTION 

Currently, e l e c t r i c  arc-heated f a c i l i t i e s  a r e  being used t o  simulate the  
aerodynamic heating during atmospheric reentry f o r  s t ruc tures  and mater ia l  t e s t s .  
Many of these a rc - j e t  f a c i l i t i e s  a r e  subsonic. The theo re t i ca l  hea t - t ransfer  
re la t ionships  of Fay and Riddell ( r e f .  1) should be applicable t o  the  t e s t  con- 
d i t i ons  typ ica l  of such subsonic a r c  f a c i l i t i e s  provided t h e  proper stagnation- 
point veloci ty  gradients  a r e  used. 
sonic a rc  f a c i l i t i e s  a t  Langley Research Center ind ica te  t h a t  t he  experimentally 
measured stagnation-point heat- t ransfer  r a t e s  d i f f e r  from those calculated theo- 
r e t i c a l l y .  
6-inch subsonic a rc  tunnel ( r e f .  2) at Langley Research Center i n  order t o  deter-  
mine t h e  reasons f o r  these  discrepancies.  
stagnation-point ve loc i ty  gradient required i n  the  Fay and Riddel l  heat- t ransfer  
expression, t h e  theo re t i ca l  e f f ec t s  of compressibil i ty and channel blocking a r e  
considered. These theo re t i ca l  stagnation-point ve loc i ty  gradients  a r e  evaluated 
i n  terms of measurable quant i t ies  t h a t  can be obtained f o r  any subsonic high- 
temperature f a c i l i t y .  

Some ea r ly  t e s t s  i n  some of t he  la rge  sub- 

Therefore, a systematic s e r i e s  of t e s t s  have been conducted i n  the  

I n  order t o  evaluate properly t h e  
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Stagnation-+&' heat- t ransfer  measurements were made on three  f l a t - f ace  
cylinders with d i f f e ren t  diameters---and on a 3-inch-diameter hemisphere-cylinder 
i n  a subsonic a r c  tunnel.  T h i s , f a c i l i t y  u t i l55es  a three-phase a-c power supply 
with water-cooled copper electrodes t o  heat t h e  t es t  medium ( i n  t h i s  case, air) .  
The free-stream temperatures, free-stream pressures, t h e  stagnation-point heat- 
t r ans fe r  rates, and heat- t ransfer  dis t r ibu$igns,were degermined a t  several  
operating conditions. An empirical heat- t ransfer  relationship,  u t i l i z i n g  non- 
dimensional parameters , . is ,&erived from t h e  ;experimental data.  
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General Heat-Transfer Expressions 
1.' ,., i '  

A theory f o r  t he  heat  t r ans fe r  at the  stagnation point iri"'& dhsoc :  
i s  discussed i n  d e t a i l  by Fay and RiPdell i n  reference 1. 
T i n t  heat- t ransfer  expression for:ehuLlibriyn laminar f l o w  (from re f .  1) with a 
,ewis number of 1.0 i s  as follows: :,'.: ;; 

The general stagnation- I 
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This nondimensional representation of t he  stagnation-point heat- t ransfer  rate i s  
a convenient form f o r  data analysis.  
stagnation-point ve loc i ty  gradient pD/& i s  considered i n  the  following 
sections.  

The evaluation of t he  nondimensional 

Stagnation-Point Velocity Gradient 

Sphere.- I n  a uniform stream of i n f i n i t e  diameter, t h e  flow at t h e  surface 
of a sphere of radius R i s  given by t h e  veloci ty  poten t ia l  function (ref.  3): 

(6)  3 = - US COS e 
2 

(7) u = - - -  1 h o  
R &  

.. .. 

where 

(2)x;o = l3 

Equation (2)  i s  introduced in to  equation (1) i n  a nondimensional form t o  y i e ld  

t h e  Stanton number i s  here defined as 

which can be wr i t ten  i n  the  following form by subs t i tu t ing  equation (3)  in to  
equation ( 4 )  : 

where along the  surface 

4 

~. .. . . . .. ._ 



and t h e  veloci ty  gradient 

The veloci ty  poten t ia l  function f o r  t h i s  type of configuration i s  given i n  re f -  
erence 4 as 

By u t i l i z i n g  the poten t ia l  flow function from equation ( 6 ) ,  t he  stagnation-point 
veloci ty  gradient i n  nondimensional form f o r  a sphere becomes 

- -  PD - 3 
u, ( 9 )  

By subs t i tu t ing  i n t o  equation ( 8 ) ,  t h e  stagnation-point veloci ty  gradient on a 
c i r cu la r  disk i s  as follows: 

- 4 _ -  
("Circular disk Tt 

I n  reference 5 t h e  stagnation- 
point veloci ty  gradient w a s  meas- 
ured experimentally on a f la t - face  
c i r cu la r  cylinder i n  an open j e t .  
A t  a low Mach number the  experi- 
mental veloci ty  gradient on t h e  
f la t - face  c i rcu lar  cylinder 
approaches t h e  theo re t i ca l  value of 
t he  c i r cu la r  disk as shown i n  f ig-  
ure 1. Thus, it may be concluded 
t h a t  t h e  veloci ty  gradient f o r  t h e  
c i r cu la r  disk i s  a good approxima- 
ion of stagnation-point veloci ty  
radient f o r  t he  f l a t - f ace  circu- 
ar cylinder at  low Mach numbers. a 

Figure 1.- Velocity gradient as a function 
of Mach number. 

' ..._-....._.....__._........ ......._.......--...._....... . . . . .  , .  , 



Shape Effect on Heat Transfer 

An approximate relat ionship for t h e  heat- t ransfer  rate on a body whose f ront  

la rge  as 25 percent of t he  cross-sectional area of t h e  t e s t  section. It i s  of 
i n t e r e s t  t o  determine what e f f ec t  t he  channel blocking has on t h e  stagnation-point 
veloci ty  gradient.  A t heo re t i ca l  approximation of t h e  channel-blocking e f f ec t  
may be obtained by using the  subsonic veloci ty  po ten t i a l  flow theory f o r  t he  flow 
past  a sphere inside an i n f i n i t e  length cy l indr ica l  duct as presented i n  refer-  
ences 7 and 8. 

The incompressible surface-velocity poten t ia l  function for a sphere inside 
an i n f i n i t e l y  long c i r cu la r  cylinder from reference 8 is: 

3 - h R  COS 0 
2 

1 - 0.79m3 
( 13 'Po = 

1 

face i s  a spherical  segnent ( see  f i g .  2) 
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Figure 2.- Heat-transfer ratio as a fine- 
tion of body-to-face radius. 

can be obtained by a l i n e a r  interpola- 
t i o n  between the  l imit ing cases of t h e  
c i r cu la r  disk and the  sphere. A simi- 
lar l i n e a r  re la t ionship i n  reference 6 
w a s  obtained experimentally a t  super- 
sonic Mach numbers. Unpublished data  
obtained i n  a different  subsonic arc- 
j e t  ve r i f i ed  t h a t  t h i s  re la t ionship 
i s  l i nea r .  Thus, f o r  spherical  seg- 
ments, as shown i n  f igure 2, t h e  heat- 
t r ans fe r  re la t ionship i s  as follows: 

where ths i s  t h e  stagnation-point 

heat- t ransfer  r a t e  on the  hemisphere, 
Rb i s  t h e  body radius, and Rf i s  

t h e  face radius. 

1 Channel Blocking Effect on Velocity Gradient 

I n  t h e  present s e r i e s  of tests t h e  cross-sectional area of t h e  model w a s  as 

6 
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- =  pD 3 - 0.755&* (16) u, 

Thus, t h e  veloci ty  gradient on a sphere i n  an infinite-diameter stream decreases 
as the  Mach number increases as shown i n  f igure  1. The experimental points t h a t  
a r e  shown from reference 9 were f o r  a hemisphere i n  a bounded stream. 

The compressibility e f f ec t  on the  poten t ia l  flow function of a sphere i n  a 
c i r cu la r  cylinder of i n f i n i t e  length w a s  obtained i n  reference 8 i n  the  same man- 
ner as t h e  solutions f o r  t h e  sphere i n  reference 3. By using t h e  r e su l t s  of 
reference 8, the  stagnation-point veloci ty  gradient can be expressed f o r  t h i s  
type of configuration as follows: 

= 3K + 2M, K (0.531h3 + 0.333)K - 0.711 (17) 
u, 3c 3 

There 

(18) 1 

1 - 0.79n3 
K =  

3 1  A = 0, equation (17) reduces t o  equation (16). 

I 

where h i s  the  r a t i o  of t he  diameter of t he  sphere t o  cylinder.  Therefore, 
t h e  stagnation-point veloci ty  gradient on the  sphere i s  

If h i s  s m a l l ,  there  i s  very l i t t l e  e f f ec t  on pD/%. 

Compressibility Effect on Velocity Gradient 

The e f f ec t  of compressibility on t h e  stagnation-point veloci ty  gradient of 
a sphere i n  an infinite-diameter stream can be obtained by using the  poten t ia l  
flow function i n  reference 3 t h a t  w a s  derived by t h e  Rayleigh-Janzen method 

where terms of K4 and l a rge r  a re  neglected. A solut ion f o r  the  velocity a t  
t h e  surface of the  sphere i s  given i n  reference 3 and may be used t o  express the  I nondimensional veloci ty  gradient i n  the  form t h a t  follows: 

7 



Thus, from t h e  preceding discussion, it appears possible t o  make a combined 
theo re t i ca l  evaluation of t he  e f f ec t  of shape, channel blocking, and compressi- 
b i l i t y  on stagnation-point heat transfer i n  a subsonic stream. 

Combined Effect of Shape, Channel Blocking, and Compressibility 

Because t h e  heat  t r ans fe r  i s  proportional t o  the  square root of t h e  
stagnation-point ve loc i ty  gradient, a re la t ionship  may be derived t h a t  combines 
t h e  e f f ec t s  of shape, channel blocking, and compressibility i n  a subsonic bounded 
stream on t h e  stagnation-point heat t r ans fe r .  
(17) t h e  following result i s  obtained: 

By combining equations (12) and 

Equation (19) w a s  normalized by using t h e  stagnation-point heat t r ans fe r  on a 
hemisphere at M = 0 i n  an infinite-diameter stream as a reference. I n  order t o  
obtain equation (19) it w a s  necessary t o  assume t h a t  t h e  compressibility e f f ec t  
on t h e  stagnation-point veloci ty  gradient f o r  other  bodies i s  s i m i l a r  t o  t h a t  f o r  
a sphere. A representation of equation (19) i s  shown as a function of Mach num- 
ber  and the  diameter r a t i o  h i n  figure 3. It can be seen i n  f igure  3 t h a t  t h e  
stagnation-point heat- t ransfer  rate increases with increasing h and decreases 
with increasing Mach number f o r  all values of A. 

Evaluation of Subsonic Stagnation-Point Heat Transfer 

i n  Tunnel Conditions 

The general heat- t ransfer  expression (eq. (3)) may be evaluated by expressi 
density and veloci ty  i n  terms of pressure, temperature, flow rate of t es t  medium 
and cross-sectional a rea  of t he  stream. The tunnel-wall boundary layer  may be 
neglected i n  calculat ing t h e  veloci ty  i n  a low-subsonic stream because of t he  loi 
Reynolds number and the  short  length avai lable  f o r  boundary-layer growth. The 
veloci ty  may be assumed uniform and may be calculated by using the  continuity 
equation: 

The density f o r  air  can be determined from reference 10 and expressed as 

2 P  - 
ZT 

p = 1.873 x 10- 

The heat- t ransfer  rate t h a t  is  measured experimentally i s  an i n i t i a l  value base 
on a cold-wall temperature. I n  order t o  obtain i n i t i a l  t heo re t i ca l  heat-transf 
rates, an ambient w a l l  temperature of 340° R and a Prandt l  number of 0.71 w e r e  
assumed and equation (21) w a s  subst i tuted f o r  t h e  necessary dens i t ies .  
s t i t u t i n g  equations (20) and (21) i n t o  equation (3) and simplifying, t h e  i n i t i  

8 
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Figure 3 . -  Effect of blocking on t h e  stagnation-poin;t heat- t ransfer  
= Model diameter 

Stream diameter 

I 

stagnation-point heat  t r a n s f e r  on a body i n  a subsonic tunnel may be wr i t ten  as 
follows : 

rate as a function of Mach num- 

I n  a low-subsonic stream, t h e  r a t i o s  of free-stream pressure t o  stagnation pres- 
sure, and of free-stream temperature t o  stagnation temperature are approximately 
1, therefore,  t he  incompressible stagnation heat- t ransfer  r a t e  on a body i n  a low- 
subsonic equilibrium laminar stream may be wr i t ten  as 

Equation ( 2 3 )  w a s  derived from boundary-layer solutions; therefore,  all rad ia t ion  
from t h e  gas i s  neglected. 

Equation ( 2 3 )  can be arranged i n  a form with a l l  t h e  temperature-dependent 
.ems on t h e  right-hand s ide  as follows: 
I 

= 0.64(.&,T,)0'1(~s) 0.4 (h, - 125) 

he left-hand s ide  of equation (24) i s  shown i n  figure 4 as a function of t e m -  
erature, pressure, and enthalpy. The coeff ic ient  of v i scos i ty  w a s  determined 

9 
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from reference 11. Figure 4 may be used i n  conjunction w i t h  f igures  2 and 3 
t o  calculate  t h e  stagnation-point heat- t ransfer  rate on a body i n  a subsonic 
equilibrium laminar flow stream. 

PUDPARAYUS, MODELS, AND PROCEDURE 

6-Inch Subsonic Arc Tunnel 

The 6-inch subsonic a rc  tunnel  at t h e  Langley Research Center i s  described 
i n  d e t a i l  i n  reference 2. This a rc  tunnel shown i n  f igure  5 i s  e s sen t i a l ly  a 
subsonic wind tunnel with a 6-inch axisymmetric t e s t  section, t h a t  u t i l i z e s  a 
three-phase a-c water-cooled copper-electrode a rc  un i t  i n  t h e  s e t t l i n g  chamber 
t o  he& t h e - a i r  t o  temperatures up t o  8,000' R.  
pa i r s  of electrodes t h a t  a re  equally spaced around t h e  axis of t h e  a r c  uni t ;  
each p a i r  consis ts  of two concentric water-cooled copper rings.  Each 3-inch- 
diameter center electrode i s  connected t o  one phase of a three-phase a-c power 
supply, and the  6-inch-diameter outside electrodes a re  connected t o  the  grounded 
neutral  of t h e  power supply. 
f i e l d  t h a t  i s  induced along t h e  ax is  of t h e  a rc  un i t  by a d-c electromagnetic 
c o i l  i n  t h e  plane of t h e  electrodes.  The a rc  ro ta t ion  changes d i rec t ion  as t h e  
current goes from a pos i t ive  t o  negative, as a r e s u l t  of t h e  induce2 f i e l d  of the 
a rc  combining with the  constant d i rec t ion  f i e l d .  

The a rc  un i t  consis ts  of th ree  

The arcs  a re  rotated a t  about 360 rps  by a magnetic 

The a i r  i s  passed through t h e  arcing region, heated, and discharged through 
a 6-inch-diameter subsonic nozzle in to  a 6-inch-diameter graphi te  cylinder which 
i s  1.25 diameters i n  length. 
t i on .  The heat- t ransfer  model w a s  located on t h e  center l i n e  of t h e  tunnel 

The a i r  proceeds in to  a 8-inch-diameter t e s t  sec- 
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1 
2 1- inches from t h e  e x i t  of t h e  graphite-cylinder l i n e r .  This configuration i s  

d i f f e ren t  from t h e  theo re t i ca l  model t h a t  w a s  used f o r  the  channel-blocking- 
e f f e c t  calculat ion.  This type of configuration would have l e s s  channel-blocking 
e f f ec t  because t h e  flow could expand around t h e  model more readi ly .  The s t ing-  
supported model i s  mounted on a pneumatically operated door. (See f i g .  5.) The 
model moves from the  edge of t he  stream t o  within 1/4 inch of t he  center  of t h e  
stream i n  0.03 second. The "cushion" e f f ec t  on t h e  p is ton  makes t h e  t o t a l  time 
from t h e  e Q e  t o  t h e  center  of stream about 0.16 second. 
operated e j ec to r  i s  used f o r  a low-pressure reservoi r  t o  permit operation with 
a tes t - sec t ion  pressure of l e s s  than atmospheric. 

An auxi l ia ry  air- 

Heat-Transfer Models 

A 3-inch-diameter f l a t - f ace  l/32-inch Inconel model (shown i n  f i g .  6(a))  
w a s  used f o r  determining t h e  stagnation-point hea t - t ransfer  r a t e .  The corner- 
radius r a t i o  of t h e  model (corner radius/model radius)  i s  0.0833. 
were located along the  back surface of t he  model as shown i n  f igu re  6 ( a ) .  The 
2-inch- and 1-inch-diameter f l a t - f ace  Inconel heat- t ransfer  models are shown i n  
f igu re  7, and locat ions a re  shown f o r  t h e  thermocouples. The 3-inch-diameter 
hemisphere-cylinder Inconel heat- t ransfer  model with thermocouple locat ions a re  
shown i n  f igure  6(b).  The mater ia l  thickness w a s  determined at each thermocouple 
locat ion f o r  each heat- t ransfer  model before t h e  thermocouple wire w a s  i n s t a l l ed .  
The individual thermocouple wires of No.  30 chromel-alumel were spotwelded 
1/16 inch apart  t o  t h e  ins ide  surface of t h e  model. 

Thermocouples 

G a s  Temperature 

The free-stream temperature a t  the  t e s t  sect ion w a s  measured by the  atomic- 
l i ne - in t ens i ty  r a t i o  method by using the  e lec t ronic  exc i ta t ion  spectrum of the  
copper t h a t  appears i n  t h e  gas from t h e  s m a l l  contamination caused by the  elec- 
trodes.  This temperature-measurement system i s  discussed i n  d e t a i l  i n  refer-  
ence 12. A simple medium glass  spectrograph, with a 60' prism and an f-number 
11.7 w a s  used i n  conjunction with a photoelectr ic  read-out system f o r  recording 
the  in t ens i ty  r a t i o  of t he  copper l i n e s  at 5133 A and 5700 A. The temperature 
(assuming thermodynamic equilibrium) i s  a funct ion of t h i s  i n t e n s i t y  r a t i o .  
free-stream temperature was measured 1 inch forward of t he  stagnation point of 
t h e  model i n  each t e s t .  

The 

Heat-Transf e r  Rate 

The heat- t ransfer  r a t e  at the  stagnation point on the  Inconel heat- t ransfer  
models w a s  determined by using the  temperature-rise r a t e  through t h e  mater ia l  
and neglecting lateral conduction terms. The heat- t ransfer  rate is  

12 
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VS-inch radius 

AA 

 thermocouple 

A 1 

(a) Flat-face heat-transfer model; 1/32-inch Inconel. 

-1  d - 
I 
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A A  

(b) Hemispherical heat-transfer mde l ;  1/32-inch Inconel. 

Figure 6. - Flat-face cylinder and hemisphere-cylinder heat-transfer models; 3-inch diameter. 



A 
Thermocouple 1 .2 5 

A 7  1/24- inch radius 
I 

A -A 

(a) 1-inch-diameter flat-face heat-transfer model; l/32-inch Inconel. 

Al - 1/12-inch radius 
A-A 

(b) 2-inch-diameter flat-face heat-transfer model; l/p-inch Inconel. 

Figure 7.- Flat-face-cylinder heat-transfer models; 1- and 2-inch diameter. 

14 



After a short  time, t he  temperature-rise r a t e  on t h e  back surface i s  the  
same as that  on the  f ron t  surface.  The temperature of t h e  back surface of t h e  
material  w a s  recorded on an oscillograph. A n  i n i t i a l  slope of the temperature- 
time oscillograph t r a c e  w a s  taken between temperatures where the spec i f ic  heat 
of t h e  mater ia l  cp i s  wel l  known. The thickness T and the  densi ty  p can 
be determined with good accuracy. Therefore, t h e  heat- t ransfer  r a t e  can be 
determined with the  same precis ion as t h e  slope of t h e  back-surface temperature- 
t i m e  curve. Heat-transfer d i s t r ibu t ions  can be obtained by using the  thermo- 
couples t h a t  a re  located along t h e  inside surface of t h e  models. 

Test Procedure 

The tunnel w a s  s t a r t ed  and brought t o  t h e  desired tunnel flow ra te .  The 
heat- t ransfer  models were inser ted  in to  t h e  stream a f t e r  steady operating con- 
d i t ions  had been reached and then removed a f t e r  0.6 second. The s h o r t  t e s t  time 
w a s  necessary t o  assure model survival  inasmuch as the  temperature-rise r a t e  w a s  
1,500 deg/sec on some portions of the  t h i n  skin on the  model. 
ra tes ,  dis t r ibut ions,  and free-stream temperatures were taken during each t e s t  
as previously discussed. 
air-flow r a t e  w a s  repeated several  times with t h e  3-inch-diameter f l a t - f ace  
cylinder model t o  determine t h e  reproducibi l i ty  of heat- t ransfer  measurements. 
Tests a t  t h e  three  tunnel flow r a t e s  were repeated a t  atmospheric pressure with- 
out operation of t h e  a i r  e jec tor .  Heat-transfer r a t e s  were obtained on the  
2-inch- and 1-inch-diameter f l a t - f ace  cylinders and on t h e  3-inch-diameter 
hemisphere-cylinder f o r  t h e  same tes ' t  conditions as the  3-inch-diameter f lat-  
face cylinder.  

Heat-transfer 

Three tunnel  a i r - f l o w  r a t e s  were used, and each tunnel 

TEST RESULTS AND DISCUSSION 

The stagnation-point heat- t ransfer  r a t e  on t h e  3-inch-diameter f la t - face-  
cylinder model reproduced within 2 percent of t h e  average f o r  four  t e s t s  t h a t  
were obtained a t  an air-flow r a t e  of 0.08 lb/sec.  
ured stagnation-point heat- t ransfer  r a t e s  f o r  t h e  various f l a t - f ace  bodies and 
the  3-inch-diameter hemisphere a re  tabulated i n  t h e  following tab le .  There i s  
l i t t l e  change (a  percent o r  s o )  i n  t h e  veloci ty  gradient due t o  t h e  s m a l l  Mach 
number range of t h e  t e s t s .  (See t ab le . )  Also, a blocking e f f ec t  on t h e  stagna- 
t i o n  heat- t ransfer  r a t e  of approximately 5 percent i s  predicted theo re t i ca l ly  
f o r  t h e  3-inch-diameter model i n  the  6-inch-diameter stream and t h e  e f f ec t  i s  
even less f o r  smaller bodies. (See f i g .  3 . )  Unpublished pressure d is t r ibu t ions  
on a 3-inch-diameter f l a t - f ace  cylinder model i n  a 4-inch-diameter stream with a 
s i m i l a r  f a c i l i t y  ind ica te  t h a t  t he  channel-blocking e f f ec t  on the stagnation 
veloci ty  gradient i s  l e s s  than 10 percent.  Therefore, t he  channel-blocking 
ef fec t  w i l l  be neglected. A comparison between t h e  experimental stagnation- 
point heat- t ransfer  measurements on the  3-inch- and 1-inch-diameter bodies and 
the  theo re t i ca l  calculat ions f o r  t he  same type of bodies a t  a s t a t i c  pressure of 

The t e s t  conditions and meas- 
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TABLE I 

6-INCH SUBSONIC HIGH-TEMPERATURE ARC TUNNEL STAGNATION-POINT HEAT 

TRANSFER ON FLAT-FACE CYLINDERS AND HENCSPm " D E R  

WY 
lb/sec 

0.083 
138 
.218 
.084 
137 . a4 
.098 
.141 
.222 
095 
155 
.232 

-085 
.134 
.210 
.085 
.134 
.210 

.083 

.266 

.098 

.148 

.222 

.147 

T, 
OR 

7,800 
7,900 
6,700 
6,600 
6,750 
6,600 

7, 800 
7, 900 
6,700 
6,600 
6,750 
6,600 

7,800 
7,900 
6,700 
6,600 
6,750 
6,600 

7, 800 
7, 900 
6,700 
6,600 
6,750 
6,600 

P, 
atm 

0.16 
.26 
.40 
1.0 
1.0 
1.0 

.16 

.26 

.40 
1.0 
1.0 
1.0 

.16 

.26 

.40 
1.0 
1.0 
1.0 

.16 

.26 

.40 
1.0 
1.0 
1.0 

6, 
Btu/sq ft-sec 

60.3 
73.6 
64.4 
39.1 
49.2 
53.0 

90.5 
94.6 
91.9 
60.0 
63.6 
72.9 
120.2 
126.2 
126.8 
78.0 
93.8 
105 -5 

97-1 
123.0 
120.0 
78.6 
85.0 
100.0 

D, 
in. 

3 
3 
3 
3 
3 
3 
2 
2 
2 
2 
2 
2 

1- 
1 
1 
1 
1 
1 

3 
3 
3 
3 
3 
3 

Model 

f f  
f f  
f f  
f f  
f f  
f f  

f f  
f f  
f f  
ff 
f f  
f f  

f f  
f f  
f f  
ff 
ff 
ff 

hs 
hs 
hs 
hs 
hs 
hs 

M 

0.15 
- 15 
.14 
.02 
.04 
-05 

-15 
15 
.14 
.02 
-04 
-05 

* 15 
15 
.14 
-02 
.04 
-05 

- 15 
15 
.14 
.02 
.04 
05 

NRf2 

1,650 
2,720 
4,720 
1,850 
2,970 
4,870 

1,300 
1,855 
3, 090 
1,470 
2, 240 
3, 330 

560 
880 

1,510 
625 
970 

1,580 

1,650 
2,900 
5, 750 
2,160 
3,210 
5, 050 

NSt 

0.0370 
.028a 
0197 
.0348 
.0264 
.01845 

.0463 
0363 
0275 
.0465 
.02985 
.0236 

- 0730 
-0507 
.0b00 
.0685 
.0510 - 0359 
* 059 
.0h5 
.0310 
0593 
.0416 
.0346 
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1 atmosphere i s  shown i n  f ig -  
ure 8 as a function of tunnel  
air-flow rate. It is  shown i n  
f igure  8 t h a t  t h e  experimental 
heat  t r ans fe r  f o r  t h e  l-inch- 
diameter body i s  approximately 
40 percent grea te r  than t h e  
theo re t i ca l  value at  a tunnel 
air-flow rate of 0.08 lb/sec.  
On t h e  3-inch-diameter body, t h e  
experimental heat t r ans fe r  i s  
approximately 20 percent g rea t e r  
than t h e  theo re t i ca l  value at  
t h e  same flow rate. 

The difference between 
theo re t i ca l  and experimental 
stagnation heat t r ans fe r  may 
possibly be a t t r i bu ted  t o  
departure from three  simpli- 
fying assumptions. 

T,, OR P,, atm 

0 6,600 1.00 

0 7,800 .16 
A 7,900 .26 

6,750 1.00 

open spbbolh: 3-inch diameter 
Solid spbols: 1-inch diameter 

/ 
0 1  I I 1  I I I I I L U  

0.04 0.08 0.12 0.16 0.20 0.24 

Tunnel air-flow rate, G, lb/sec 

Figure 8.- Ratio of  experimental t o  theore t ica l  
stagnation-point heat  t r a n s f e r  t o  f la t - face  
cylinders.  

1. No Radiation - Radiative 
heat t r ans fe r  t o  t h e  model could 
come from t h e  la rge  quant i ty  of hot gas ahead of t h e  model and from t h e  e l e c t r i c  
a r c s  i n  t h e  a rc  chamber. 

2. Equilibrium Flow - The flow at t h e  low pressures (0.16 and 0.26 a t m )  may 
not be i n  equilibrium as discussed i n  reference 13. 

3. Laminar Flow - The disturbances of t h e  ro ta t ion  and continuous r e s t r ik ing  
of  t he  a-c a rc s  may cause free-stream turbulence t h a t  would give a deviation from 
laminar-flow theory. 

The t o t a l  radiat ion from t h e  e l e c t r i c  a rcs  and hot-gas stream would give a 
radiant heat- t ransfer  r a t e  t h a t  would be independent of model diameter. For t h e  
3-inch-diameter model at atmospheric pressure, t h e  difference between theory and 
experiment i s  8 Btu/sq f t - sec  at  t h e  low tunnel air-flow rate. 
diameter model, t he  difference a t  the  low flow r a t e  was 26 Btu/sq f t - s ec .  
t r ans fe r  probe tha t  would separate t h e  radiant from t h e  convective heat t r ans fe r  
i n  a similar f a c i l i t y  indicated the  radiant  heat t r ans fe r  t o  be less than 2 percent 
of the t o t a l  heat  t r ans fe r .  Therefore, it can be concluded tha t  t he  difference 
cannot be a t t r i bu ted  e n t i r e l y  t o  radiat ion.  

On t h e  l-inch- 
A heat- 

Additional experimental points  a r e  shown i n  figure 8 f o r  t he  3-inch-diameter 
model a t  pressure l eve l s  and temperatures t h a t  could have nonequilibrium flow 
according t o  reference 13. However, all of heat- t ransfer  surfaces w e r e  of t h e  
same type material (Inconel).  
models were thus  expected t o  be ca t a ly t i c  so t h a t  recombination would occur at  
t h e  model surface.  It should be noted t h a t  t h e  heat- t ransfer  da ta  d i f fe red  
approximately t h e  same amount from theory f o r  all t h e  temperature and pressure 
conditions at t h e  same tunnel air-flow r a t e  ( f i g .  8). It i s  believed t h a t  the  

The w a l l s  of all of t h e  th ree  different-diameter 



flow i s  i n  equilibrium a t  atmospheric pressure and 6,700~ R ( ref .  13). 
it may be concluded t h a t  t h e  difference between theory and experiment cannot be 
a t t r i b u t e d  en t i r e ly  t o  a noneqyilibrium condition. 

Therefore, 

Stagnation-point Stanton numbers were calculated from t h e  stagnation-point 
heat  t ransfer ,  t h e  free-stream temperature, and the  tunnel flow r a t e  measurements 
and a re  p lo t ted  against  Reynolds number based on body diameter i n  f igure  9. 
Fay and Riddell  Stanton number (eq. ( 5 ) )  i s  shown i n  t h e  same f igure  with several  
free-stream temperatures. A s t r a igh t  l i n e  w a s  f a i r e d  through the  points  taken 
at  6,700' R because these points  gave the  l a rges t  Reynolds number var ia t ion.  
Additional points  taken at approximately 7,900° R a re  a l so  shown. Since the  Fay 
and Riddell  Stanton number (eq. ( 5 ) )  i s  independent of pressure, t h e  6,700~ R 
points  were p lo t ted  without regard t o  pressure leve l .  The experimental data  can 
be represented i n  t h e  same form as the  Fay and Riddell Stanton number by using 

The 

O-j 1 
o-2 I- 

Stanton number 

0 2  
0.09 

0.04 

0.02 

0.01 1 

'[ 

0 N 6700% - 
N 7900'~ 

- I - -  i 
3-inch diameter f lat-f  ace s o l i d  

2-inch diameter flat-face open symbols T 
1-inch diameter f lat - face  f l a  mbols 

102 2 3 4 5 6 7 8 9 1 0 3  2 3 ~r 5 6 7 a 9 1 0 4  

Reynolds number based on body diamster 

Figure 9.- Experimental and theore t ica l  Stanton number as a function of Reynolds number. 
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t h e  theo re t i ca l  veloci ty  gradients and evaluating the  exponents and the constant 
by using the experimental data. Such a representation i s  a s  follows: 

-0.625 0.64 
NSt,s = 3”7(e) (NRe) 

O f  t h e  24 t e s t  conditions, 22 fall within 5 percent of the empirical equation 
and a l l  are within 10 percent. It can be noted, by extrapolating the  f a i r ed  l i n e  
on t h e  Stanton number plot,  t h a t  i n  the  Reynolds number region of 10,000, t h e  
experimental Stanton number approaches t h e  Fay and Riddell  solutions.  

The f a c t  t h a t  t h e  empirical Stanton number exponents a re  d i f fe ren t  from the  
laminar-equilibrium flow Stanton number i s  a t t r i bu ted  t o  t h e  turbulent free-stream 
s t a t e  of t he  t e s t  medium. That is, t h e  three  e l e c t r i c  a-c arcs  t ha t  a re  used t o  
heat t h e  a i r  t o  t h e  desired enthalpy l e v e l  impart a considerable amount of turbu- 
lence t o  t h e  air  because t h e  arcs  a re  extinguished, re-ignited, and change rota- 
t i o n a l  direct ion on each half cycle. The rn t a t iona l  speed of each arc  i s  approx- 
imately 360 rps.  

A heat- t ransfer  d i s t r ibu t ion  i s  shown i n  f igure  10 f o r  the  3-inch-diameter 
f l a t - f ace  body. The heat- t ransfer  d i s t r ibu t ions  were s imilar  f o r  the  1- and 
2-inch-diameter bodies. A theo- 
r e t i c a l  d i s t r ibu t ion  f o r  a s i m i l a r  
body (from ref. 14)  i s  shown f o r  
comparison at a supersonic Mach 
number. The s imi la r i ty  i s  prob- 
ably a function of a turbulent 
t r a n s i t i o n  i n  t h e  stream at  the  
subsonic Mach number. A messured 
heat- t ransfer  d i s t r ibu t ion  on t h e  
3-inch-diameter hemisphere and a 
theo re t i ca l  d i s t r ibu t ion  at super- 
sonic Mach numbers from refer -  
ence 15 i s  shown i n  f igure  11. The 
experimental d i s t r ibu t ion  on t h e  
hemisphere i s  qui te  similar t o  the  
d i s t r ibu t ion  i n  reference 16 t h a t  
assumes a turbulent t r ans i t i on .  
The heat- t ransfer  d i s t r ibu t ion  on 
a body i s  s t r i c t l y  a l o c a l  problem. 
I n  t h e  supersonic case of a hemis- 
phere, t h e  flow expands from t h e  
stagnation point and passes through 
a sonic point approximately 45’ 

2.0 

1.5 

4 
1.0 - 

6.7 

0.5 

0 I I I I -~ 
0.5 1.0 1.5 2.0 

X/R 

Figure 10.- Heat-transfer distribution on a 
3-inch-diameter flat-face model. 
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0 

Experimental; 6-inch subsonic arc tunnel; 
$; ;lS = 97.1 Btu/sq ft-sec; 4 = 0.08 

\ 

\ 
\ 
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Mach nunber 

2 
- 3  

. !  1 5  1 
1.0 1.5 2.0 2.5 
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3.0 

Figure ll.- Heat-transfer distribution on a hemisphere-cylinder. 

from the  stagnation point .  However, i n  a subsonic stream there  i s  very l i t t l e  
change i n  the  densi ty  and veloci ty  along t h e  surface of t he  model. Therefore, 
any heat- t ransfer  d i s t r ibu t ion  such as t h a t  shown i n  figures 10 and 11 would have 
t o  be due t o  a change i n  t h e  l o c a l  Stanton number. T h i s  could be the r e s u l t  of 
a t r a n s i t i o n  due t o  t h e  free-stream turhulence which is  caused by the  arcs  that 
heat t he  t e s t  medium. 

I n  reference 17, stagnation-point hea t - t ransfer  measurements a re  used t o  
This calculate  enthalpies f o r  correlat ing ab la t ion  data i n  a M a c h  2 a rc  j e t .  

same approach cannot be used i n  a subsonic a r c  f a c i l i t y  unless it is  known t h a t  
t he  flow i s  laminar, i n  equilibrium, and t h a t  there  i s  no radiant heat t r ans fe r .  
Enthalpies calculated from heat- t ransfer  measurements i n  the  subsonic f a c i l i t y  
described i n  reference 2 would be much g rea t e r  than those measured with the  
spectrometric method described herein.  

CONCLUSIONS 

Stagnation-point heat- t ransfer  measurements on f l a t - f a c e  cylinders of t h ree  
d i f f e ren t  diameters i n  a 6-inch subsonic a r c  tunnel  do not follow the  laminar 
heat- t ransfer  theory of Fay and Riddell  f o r  t he  Reynolds number range covered i n  
t h i s  report .  It w a s  concluded t h a t  t h e  difference between theory and experiment 
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was not a function of velocity-gradient variation because of compressibility 
or channel-blocking effects. The deviation from laminar-flow theory is attrib- 
uted to the free-stream turbulence in the test medium that is caused by the 
a-c electric arcs in the arc chamber of the subsonic arc tunnel. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., April 26, 1963. 
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